At high altitudes (Ͼ1000 m) throughout the Dry Valleys, Antarctica, liquid water is rare, yet ground ice, which may be millions of years old, is pervasive in glacial sediments and bedrock. The origin of this ice is different from its arctic and alpine counterparts and may be similar to water on Mars. We present chemical and isotopic analyses of Antarctic ground ice from cores of Sirius Group sediments at Table Mountain in the Dry Valleys. These data, together with the presence of diagenetic calcite and chabazite in the frozen sediments, indicate that the ice and minerals accumulated over long periods of time from atmospheric water vapor and brine films formed on the surface of the ground. This analogy indicates that ferric-bearing minerals could precipitate under present conditions in the Martian soil.
INTRODUCTION
Soils and conditions of Dry Valleys, Antarctica, have long been used as a Martian analogue for chemical weathering (Anderson et al., 1972) . The red color of Mars has been the most conspicuous evidence for chemical weathering, but spectroscopic data have now confirmed the presence of water (Feldman et al., 2002) and secondary ferric ironbearing minerals in the Martian soil (Burns, 1993) . Because the precipitation of these minerals requires an aqueous phase, the timing and mechanism by which they form remain highly speculative. However, diagenetic minerals in frozen ground at Table Mountain, Dry Valleys, Antarctica, strongly suggest that such minerals could form on the Martian surface over several million years without flowing water.
Antarctica has been a frozen continent for the past 15 m.y., and in the Dry Valleys, landscapes at high elevations (Ͼ1000 m) have developed under an extreme hyperarid, frigid regime in the virtual absence of running water (Denton et al., 1993; Sugden et al., 1995; Summerfield et al., 1999) . Ground ice occurs in glacial sediments throughout the Dry Valleys, and its presence is generally indicated by polygonal ground on the surface (Black, 1982; Bockheim, 1995) . (Ground ice refers to all types of ice formed in freezing and frozen ground [Subcommittee P, 1988] ; permafrost refers to the permanently frozen condition and includes both dry and wet [ice] materials.) Similar to Mars, the origin of this ice represents a major problem to Dry Valleys landscapes because it occurs not only in glacial sediments known to be millions of years old, but also in an environment thought to be free of running water for at least this long. To determine the possible source of moisture, we analyzed the major ions and stable isotopes of ground ice from cores of Sirius Group sediments at Table Mountain in the Dry Valleys. There are three possible sources of moisture for this ice, and each would yield a unique chemical signature: (1) If glacial meltwater entered the sediments at the time of deposition or during a subsequent warm period (Campbell et al., 1998) , the ice would be chemically and isotopically similar to modern snow and ice of the Dry *Present address: U.S. Geological Survey, 333 West Nye Lane, Carson City, Nevada 89706, USA.
Valleys. (2) If vapor from the evaporation of snow diffused into the colder subsurface and froze, the accumulated ice would be low in total dissolved solids but isotopically modified from local snow and ice. (3) If salt from snow evaporation over long periods of time formed thin films of brine, which seeped downward and froze in the colder subsurface (McKay et al., 1998) , the ice would be both enriched in salts and isotopically modified compared to local snow.
The Sirius Group is composed of consolidated glacial deposits preserved in isolated outcrops at high elevations along the Transantarctic Mountains for nearly 1500 km (Mayewski, 1975) . The age of the Sirius Group, which reflects the stability of the East Antarctic Ice Sheet, has been hotly debated (Miller and Mabin, 1998) . However, in the Dry Valleys, stratigraphic relationships (Barrett and Powell, 1982; Denton et al., 1993) , volcanic ash ages (Marchant et al., 1993) , and cosmogenic exposure ages (Ivy-Ochs et al., 1995) strongly suggest that the Sirius Group mantles a middle Miocene landscape.
At Table Mountain , Sirius Group sediments overlie Beacon Group sediments and crop out in a series of low (Ͻ3 m) ridges, which are surrounded by a regolith capped by a desert pavement of dolerite clasts (Fig. 1) . Because this regolith contains Sirius-like sediments, we assume it derives mostly from the Sirius Group. In this area, the presentday mean annual temperature is Ϫ20 to Ϫ25 ЊC, and precipitation is Ͻ15 mm water equivalent per year (McKay et al., 1998) . During the field work (December 1996), measured ground temperatures decreased from about Ϫ5 ЊC at a depth of 0.25 m to Ϫ23 ЊC at 3.7 m, our deepest probe (Fig. DR1 1 ) .
Sirius Group sediments exposed on the ridges have the hardness of dried mud, but they are ice cemented at depths generally below 50 cm. This ground ice is present not only in fractures to 1 cm thick and lenses to 3 cm thick, but also in the pore matrix of the sediment. Cores show that while fractures and lenses are most abundant within several meters of the surface, matrix ice penetrates the sediments to at least 9.5 m deep. Ice content is highly variable, but estimates from weight loss of core samples indicate that ice makes up 15%-25% in the uppermost meter of Sirius Group sediments, and only 5%-10% below this. In contrast, core samples of regolith overlying the Sirius Group contain 25%-35% ice by weight.
METHODS AND RESULTS
The Table Mountain sites (site 1; 77Њ57Ј43ЉS, 161Њ58Ј46ЉE, 1946 m mean sea level) were cored to depths reaching 9.5 m by using compressed air and diamond bits (Dickinson et al., 1999) . Ice from thin (Ͻ5 mm) fractures and lenses was extracted by thawing the core samples (ϳ70 mm long by 65 mm diameter) and pouring off the water, which was then centrifuged to remove particles Ͼ10 microns. Ice from thicker fractures and lenses could be chipped out and melted separately. The amount of sediment in a sample has a small effect on ionic concentrations ( Fig. DR2 ; see footnote 1); however, the amount of water derived from each sample determined which analyses could be analyzed (5 mL for stable isotopes and 15 mL for ion chemistry by inductively coupled plasma-optical emission spectrometry and ion chromatography).
Taken together, the isotopic and chemical compositions of the ground ice indicate that it cannot have originated from meltwater runoff without extensive modification. Stable isotope values plot distinctly to the right of the meteoric water line, but are within the limit of the most deuterium-depleted waters (Matsubaya et al., 1979) in the Dry Valleys (Fig. 2) . The values plot along a freezing line (␦D ϭ 6.2␦ 18 O Ϫ 76.3; r ϭ 0.85) that intersects the meteoric water line at ␦ 18 O ϭ Ϫ37; ␦D ϭ Ϫ284, the approximate value of the local snow pack. Deuterium excess (defined as d ϭ ␦D Ϫ 8␦ 18 O [Dansgaard, 1964] , and reflecting kinetic fractionation due to the diffusivity between heavy and light molecules) values of the ground ice (average d ϭ Ϫ31‰) are three to four times lower than typical values for Antarctic glacial ice (d ϭ 14‰) and suggest that they did not evolve by regelation into subglacial sediment. When plotted against depth, both O and D isotopic values show a wide variation within 1 m of the surface, but below this, they become increasingly positive, indicating enrichment in the heavier isotopes (␦O by 2‰-4‰; ␦D by 20‰-30‰) (Figs. DR3 and DR4; see footnote 1). However, the snow pack shows enrichment in heavy isotopes by evaporation at the surface but depletion in heavy isotopes with depth, indicating reequilibration at lower temperatures than currently exist at the surface (Fig. 2) .
The concentration of total dissolved solids in the ice shows no trend with depth, ranges to 6900 mg/L, and is highly variable between samples. Concentrations of the major ions are similar to those in groundwaters from Don Juan basin in the Wright Valley and Lake Vida in the Victoria Valley (Cartwright and Harris, 1981) , but are clearly different from concentrations in seawater (Fig. 3 ). Mg and Ca may derive largely from the weathering of the Ferrar Dolerite (Campbell et al., 1998) . The regolith (site 2) is younger than the Sirius Group (sites 1 and 4) and appears to have a different chemistry. The separation of SO 4 -rich ice concentrated in the upper part of the regolith from the Clrich ice of the Sirius Group may result because sulfate salts are generally less soluble than chloride salts (Fig. 3) . Concentrations of Cl and NO 3 show an excellent covariant trend ( Fig. DR5 ; see footnote 1), but SO 4 is low when Cl is high ( Fig. DR6 ; see footnote 1). On the large scale of the Dry Valleys, salt distribution in soils appears to be controlled by proximity to source. Cl, SO 4 , and Na salts become more concentrated toward the sea (Keys and Williams, 1981) , whereas NO 3 salts become more concentrated toward the Polar Plateau (Claridge and Campbell, 1968) . However, on a localized scale, salt distribution may be controlled by relative humidity and the deliquescent properties of salts (Wilson, 1979) . The most distinctive aspect of the ground-ice chemistry is that concentrations of individual ions vary from 0 to ϳ2500 mg/L in ice samples taken only millimeters apart ( Fig. DR7 ; see footnote 1). This finding argues strongly for an ion-partition mechanism that takes place under frozen conditions. 
DISCUSSION
We propose a conceptual model for the accumulation of ground ice by two processes. First, water vapor from the surface supplies ice to a cold subsurface horizon in a process that has been described for the Dry Valleys (Hindmarsh et al., 1998; McKay et al., 1998) and modeled on Mars (Mellon and Jakosky, 1993) . Second, brine films develop from salts concentrated at or near the surface during evaporation of snow. Highly concentrated brine, which does not freeze, seeps downward on angstrom-thick films into the soil either by gravity or by diffusion along moisture gradients (Campbell et al., 1998; Murrmann, 1973; Ugolini and Anderson, 1973) . In warm summer months, these films of brine are fed by water vapor from the surface as it diffuses toward the cold subsurface. This diluted brine freezes at the top of the ground ice at a depth that is in equilibrium with local climate. Concentrated brine trapped by the freeze-out process is a chemically active fluid and reacts with ice and minerals grains as it follows moisture and chemical gradients along microchannels. In addition to salt from the surface, salt may also be derived from the chemical alteration of minerals in the sediment (Dickinson and Grapes, 1997). Although it is not possible to quantify each process, ground ice at Linnaeus Terrace (1600 m, 50 km north of Table Mountain) would lose 0.4-0.6 mm·yr Ϫ1 to evaporation under present climatic conditions without aqueous recharge (McKay et al., 1998) . This indicates that brine-film recharge could supply a similar amount of moisture to ground ice at Table  Mountain. Major supporting evidence for brine-film recharge at Table Mountain is the presence of dissolved feldspar grains and diagenetic chabazite and calcite cement (Fig. 4) , which are pervasive in the Sirius Group sediments from the surface (Dickinson and Grapes, 1997) to a depth of at least 9.5 m. The composition of fluids needed to dissolve and precipitate these minerals is not consistent with waters derived from glacial environments, because chabazite and other zeolites are only known to form in alkaline Ca-and Na-rich brines (Passaglia et al., 1990) . Thus, in glacial sediments at Table Mountain, the transport of solutes along thin films is demonstrated by the dissolution and precipitation of minerals in an environment that, argumentatively (Denton et al., 1993; Sugden et al., 1995; Summerfield et al., 1999) , has been frozen for the most part of 15 m.y.
The age of the ground ice and depth to which the brine films penetrate remain unknown. However, ion-diffusion rates in frozen soils at Ϫ5 ЊC are estimated to be 2-3 cm·yr Ϫ1 and decrease only slightly at temperatures below this (Murrmann, 1973) . Nitrate salts found in Antarctic soils take hundreds of thousands of years to accumulate (Claridge and Campbell, 1968) . Although Miocene ice may have originally been deposited with the Sirius Group, its composition within meters of the surface would continually exchange with the atmosphere at a rate dependent on proximity to the surface. Although permafrost near the Dry Valley lakes penetrates to 300 m deep (Cartwright and Harris, 1981) , the relative abundance of water at these low elevations would destroy brine films developed over the cold winter months. Conditions at Table Mountain demonstrate that in the absence of flowing water, large volumes of ice and minerals can accumulate in subsurface environments over geologic time.
CONCLUSIONS
Numerous geomorphic features and spectroscopic emissions (Feldman et al., 2002) on Mars indicate the presence of ground ice, which is believed to exchange water vapor regularly with the Martian atmosphere (Zent et al., 1993) . Our data suggest that this ground ice may be extremely saline and are in agreement with models of the Martian geochemical cycle (Schaefer, 1993) . Although this geochemical cycle predicts that highly saline water could exist because of the evaporation of the early Martian ocean, brine films could also have added significant amounts of salt to this water from chemical weathering in the absence of flowing water. A variety of brine solutions can maintain an aqueous phase to Ϫ50 ЊC (Brass, 1980) , which is well within the range of summer surface temperatures on Mars. Brine films may provide the aqueous medium for chemical weathering to proceed near the present surface but at lower temperatures than those on terrestrial environments. Martian soils are mafic and have high concentrations of S and Cl salts that may cement the soil (Clark, 1993) . Lithified sand dunes, observed on Mars (Edgett and Malin, 2000) , could have resulted from brine films, which mobilized and supplied solutes for the precipitation of mineral cements, like those seen in Sirius Group sediments at Table Mountain. Core numbers refer to sites (see Fig. 1 ) and letters refer to different core holes at each site. All core holes at each site are within 0.5 m of each other.
Split samples (Fig. DR7) have the same midpoint depth, and sample duplicates (Fig. DR7) have the same laboratory number.
Water (g) = (wt. of dry thawed sample) -(wt. of frozen sample) Sediment (g) = wt. of dry thawed sample Note that water (g) represents all the moisture in the sample and not just that water which was melted out of the sample and collected for analysis. * = data not available, not analyzed, or beyond detection limits TDS = Total dissolved solids 
